Quaternary structure of hemoglobin in solution
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Many important proteins perform their physiological functions
under allosteric control, whereby the binding of a ligand at a
specific site influences the binding affinity at a different site.
Allosteric regulation usually involves a switch in protein confor-
mation upon ligand binding. The energies of the corresponding
structures are comparable, and, therefore, the possibility that a
structure determined by x-ray diffraction in the crystalline state is
influenced by its intermolecular contacts, and thus differs from the
solution structure, cannot be excluded. Here, we demonstrate that
the quaternary structure of tetrameric human normal adult car-
bonmonoxy-hemoglobin can readily be determined in solution at
near-physiological conditions of pH, ionic strength, and tempera-
ture by NMR measurement of 1°N-"H residual dipolar couplings in
weakly oriented samples. The structure is found to be a dynamic
intermediate between two previously solved crystal structures,
known as the R and R2 states. Exchange broadening at the subunit
interface points to a rapid equilibrium between different structures
that presumably include the crystallographically observed states.

basic assumption in correlating protein structure and
function is that the structure of a protein in the crystalline
state is the same as that under physiological solution conditions.
Although the weak intermolecular forces in a highly hydrated
crystal are unlikely to shift ordered elements of a protein relative
to one another, this does not necessarily hold true for flexible
proteins that can switch between different conformations under
allosteric control. For example, recent NMR data indicate that
allosteric activation of the signaling protein NtrC simply involves
the shift of a preexisting conformational equilibrium (1). The
activated R-state conformation of the allosteric enzyme aspar-
tate transcarbamoylase is another example where multiple con-
formations are sampled. The unliganded trimeric catalytic do-
main of this enzyme is fully active, but, except for increased
intra-domain flexibility in the crystalline state, the trimer re-
sembles the inactive T state of the holoenzyme (2). In addition,
Alber, Schachman, and coworkers (3) found that upon ligation,
this trimeric domain resembles the ligated holoenzyme, previ-
ously thought to represent the R state. This finding strongly
suggests that the activated R state must be capable of traversing
multiple conformations. The presence of such dynamic processes
can easily be frozen out in the crystalline state.

Human normal adult hemoglobin (Hb A) is the classic text-
book example of a multimeric, allosteric protein and of the
exquisite control a protein can exert over ligand binding. Hb A
consists of four subunits: two a-chains of 141 amino acid residues
each and two B-chains of 146 residues each. The oxygenation of
Hb A in solution or inside red blood cells is cooperative; i.e., the
binding of the first oxygen ligand to a Hb subunit enhances the
binding of subsequent oxygen molecules to the remaining sub-
units. Oxygenation of Hb A is also modulated by allosteric
factors, such as the dependence of the oxygen affinity on the pH
(Bohr effect) and the reduction of oxygen affinity by 2,3-
bisphosphoglycerate (ref. 4). In its simplest description, the
protein switches between a tense (T), low-affinity state and a
relaxed (R), high-affinity state upon ligand binding (5-7). Crys-
tal structures of the T and R states were first determined (from
high-salt crystals) by Perutz and colleagues some 30 years ago
and formed the basis for Perutz’s stereochemical mechanism for
the cooperative oxygenation of Hb (6). More recently, however,
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a second, distinctly different crystal structure for liganded Hb A
was solved (from low-salt crystals) and designated R2, perhaps
complicating the description (8-11). Moreover, oxygen-binding
properties of single crystals of Hb A indicate that cooperativity
and allosteric interactions are absent in the crystalline state,
where the T—R structural transition cannot take place (7).
Because the protein performs its physiological functions in the
solution state, it is important to determine the quaternary
structure of Hb A in solution.

The polypeptide backbone structures of the folded a- and
B-chains in the R and R2 states of Hb A are essentially identical
within the atomic resolution of the x-ray structures, and it is
primarily their relative position and orientation that differs
between quaternary states (8). The difference in structure
between the R and R2 states is comparable in magnitude to that
between the T and R states (8, 12), with R2 being farthest away
from T (13). This observation has led to speculations about
whether R is an intermediate state, and which structure repre-
sents the true final liganded state. To address this issue, we have
determined the quaternary structure of HbCO A in solution by
NMR spectroscopy. The relative orientation of domains of
known structure can readily be established at high accuracy by
recently developed NMR methodology in which the protein is
aligned very weakly with respect to the static magnetic field.
Measurement of one-bond residual dipolar couplings (RDCs) is
then used to define the orientation of each internuclear vector
relative to the magnetic field (14, 15). Here, we demonstrate this
approach for determining the quaternary structure of HbCO A
in solution.

In isotropic solution, proteins assume all possible orientations
with equal probability and direct magnetic dipolar interaction
between nuclei averages to zero. However, when the solution
contains a distribution of boundaries with a preferred orienta-
tion, a tunable, very weak alignment (typically one part per
thousand) can be induced for proteins with an anisotropic shape
or charge distribution. Two different aqueous liquid crystalline
media have been used in this study for creating the magnetically
aligned “barriers”: a solution of phospholipid bicelles in water
(16), and a suspension of filamentous bacteriophage Pfl (17).
For the nearly neutral bicelles, protein alignment is dominated
by steric interactions; Pfl carries a net negative surface charge
and weak electrostatic interactions between these particles, and
the solute protein also influences the alignment (18).

If the protein is “N-labeled, each amide ('H,N) group
experiences an RDC

3
Daig = Da{(3 cos?0 — 1) + ER sin%6 cos 2¢>], [1]
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Fig. 1. TROSY (blue) and HSQC (red) spectra of B-chain specifically (2H,'5N)-
labeled HbCO A in 90% H,0/10% D,0, showing crosspeaks of BLys-65 in
bicelle (A), Pf1 phage (B), and isotropic (C) media. The separation between the
TROSY and HSQC crosspeaks equals ('Jyn + 'Dnn)/2 in each dimension. The
residual dipolar coupling 'Dny is derived from the difference in splitting
between liquid crystalline and isotropic media. In the example shown,
"Dyp(bicelle) = 2(53.1 — 46.0) = 14.2 Hz, and '"Dyp(phage) = 2(44.4 — 46.0) =
—3.2 Hz.

where D, and R are the magnitude and rhombicity of the
alignment tensor, and the polar angles 6 and ¢ describe the
orientation of the NH bond vector with respect to the alignment
frame (14). In practice, D,, R, and the orientation of the
alignment frame with respect to the molecule are determined by
fitting Eq. 1 to a set of couplings measured for amides within a
known, rigid substructure of the protein. Once the tensor
parameters are known, each measurement of a ' Dyy imposes an
angular constraint on the corresponding NH bond.

Materials and Methods

Sample Preparation. Chain-specifically (?H,'’N)- and
(P°H,PN,3C)-labeled HbCO A samples were prepared as de-
scribed (19). NMR samples consisted of HbCO A alone or mixed
with Pf1 phage (Asla, Riga, Latvia) or bicelles, in 0.1 M sodium
phosphate buffer, pH 7.0, 90% H,0/10% D,0. The concentra-
tion of Pfl in the NMR samples was 10 mg/ml. The bicelle
medium was a mixture of the phospholipid dilauroylphosphati-
dylcholine (Avanti Polar Lipids), the detergent CHAPSO (Sig-
ma), and the charged amphiphile cetyltrimethylammonium bro-
mide (Sigma) in the molar ratio 20:4.7:1 (20). The concentration
of bicelles in the NMR samples was ~2.6% by weight.

NMR Spectroscopy. All spectra were collected at 35°C on a Bruker
DRX-600 NMR spectrometer operating at 14.1 T. Polypeptide
backbone resonance assignments of HbCO A, required for the
interpretation of RDCs, were obtained by using triple-resonance
transverse relaxation-optimized spectroscopy (TROSY)-based
NMR experiments (21) applied to chain-specifically
(*H,N,'3C)-labeled samples. RDCs in each medium were de-
termined from the difference between one-bond N-'H split-
tings (Uxu + 'Dnu), measured for HbCO A samples in the
presence and absence of the aligning medium. As illustrated in
Fig. 1, these splittings were measured from interleaved hetero-
nuclear single quantum coherence (HSQC) and temperature-
compensated TROSY spectra (22, 23). The stability of the
aligned liquid crystalline samples was verified by measuring the
%H solvent signal splitting before and after experiments and by
the absence of any shift in the position of TROSY crosspeaks
during the course of the experiments.

Analysis. The RDCs used to fit Eq. 1 were restricted to those that

are well resolved in the HSQC spectrum and correspond to
residues located in a-helical regions of the protein. Fits were
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Fig.2. Schematicillustration of the Rand R2 crystal structures, together with
the solution conformation, of HbCO A. Helices are shown as cylinders. Here,
the a1B7 dimers of the two structures have been superimposed and are
indistinguishable. The ay- and B;-subunits of the R, solution, and R2 structures
areshownindark, medium, and light shades, respectively, of red and blue. The
C2 symmetry axes of the R and R2 structures are shown as thin black and white
rods, respectively. (Inset) Alignment frames of the best-fit solution structure in
bicelles (x, y, z) and Pf1 phage (x’, y', z’), where the x and x’ axes coincide with
the C2 axis. The R—R2 rotation axis is shown in orange.

performed by using singular value decomposition (24) or non-
linear least-squares methods. To estimate the uncertainty in the
best-fit quaternary structure, couplings for the same residues
used in the fit were calculated for the optimal structure by using
the fitted parameters D, = —11.36 Hz and R = 0.10. Random
numbers drawn from a Gaussian distribution with an SD equal
to the rms deviation (rmsd) of the best fit of the measured
couplings (o = 1.28 Hz) were added to these couplings. These
simulated couplings were then used to fit the R, R2, and several
intermediate conformations. The optimal conformation, i.e., the
value of the quaternary coordinate x, which minimizes x?, was
found by fitting as shown in Fig. 3. This procedure was repeated
over 1,000 trials, yielding an SD in x of 0.13.

Results and Discussion

All Hb A crystal structures exhibit C2 symmetry, and it is
primarily the orientation of the «;8; dimer relative to the axf»
dimer, i.e., the orientation of the C2 axis relative to a8, that
varies in the different states. Superposition of the a3 halves of
Hb A highlights the difference between orientation of the a3,
domains in the R and R2 states (Fig. 2). Separate fits of the a-
and B-chain dipolar couplings to their corresponding domains
yield poor agreement when using the original 2.7-A crystal
structure (25) of R-state HbCO A (PDB ID code 2HCO).
Recent, higher resolution and more highly refined structures
yield much better agreement, reflecting the higher accuracy of
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Table 1. rmsd between measured and calculated residual dipolar
couplings for the best fit of @181 dimers of several PDB files

PDB Resolution, A Bicelle rmsd, Hz Pfl rmsd, Hz
2HCO 2.7 3.65 3.23
1IRD 1.25 2.00 2.21
1BBB 1.7 1.28 2.09

their atomic coordinates (Table 1). Simultaneous fitting of the
a1 31 couplings to either the R or R2 coordinates of this dimer
yields comparable goodness of fits as the separate fitting of «;-
and B;-chains. This finding indicates that the R and R2 crystal
structures of the «;B; dimer are of similar quality, and that the
relative orientation of the a;- and B;-chains is the same in the
crystalline and solution states. Because of higher signal-to-noise
ratios and narrower line widths for spectra recorded in bicelle
medium than in Pfl phage, the bicelle RDCs on average fit
somewhat better to the «13; dimer structures than those mea-
sured in Pf1.

The «;8; backbone coordinates of the helical segments of the
R-state structure (PDB ID code 1IRD) superimpose on those of
the R2-state crystal structure (PDB ID code 1BBB) with an
rmsd of 0.26 A. However, for both the R and R2 structures, a fit
of the dipolar couplings to the full tetramer (Table 2) yields
poorer agreement than simply fitting the «;8; dimer, indicating
that, in solution, the average quaternary structure is neither R
nor R2.

C2 symmetry of HbCO A in solution is indicated by a single
set of NMR resonances for each of the two a- and B-chains. For
a C2 symmetric molecule, one of its principal alignment frame
axes must coincide with the C2 axis (15, 26). The orientation of
the nearest principal axis, when fitting the solution dipolar
couplings to the «;B; dimer, falls halfway between the C2 axes
of the R and R2 structures (Fig. 2), indicating that in solution the
average structure also falls halfway between R and R2 crystal
structures.

A more quantitative analysis reorients the a3, dimer stepwise
relative to ;B along the path of the R—R2 structural transi-
tion. To represent each dimer, coordinates from PDB entry
1BBB are used, because this structure yields the best fit to both
bicelle and Pfl RDCs when using the «;8; dimer (Table 1). At
each step, the dipolar couplings are fitted to the full tetrameric
structure. The result of these fits is shown in Fig. 3, which plots
both the reduced x? and the rmsd vs. the quaternary coordinate
x, defined such that x = 0 for the R state, and x = 1 for R2.
Minima in these plots confirm that a quaternary structure
approximately halfway between R and R2 is most compatible
with the measured RDCs. As illustrated in Fig. 2, the principal
z axis of the bicelle alignment tensor is nearly perpendicular to
the R—R2 dimer rotation axis, whereas the corresponding axis
of the Pf1 tensor is about 50° from the rotation axis. It follows
from Eq. 1 that the bicelle RDCs will be more sensitive than the
Pf1 RDCs to changes in quaternary structure along the R—R2
pathway. Based on the results for xZ vs. x for couplings in the
bicelle medium, the optimal structure corresponds to x = 0.51,

Table 2. Parameters for fits of observed residual dipolar
couplings to coordinates of PDB entry 1IRD (the R structure)
and 1BBB (the R2 structure)

PDB entry Medium D,, Hz R X rmsd, Hz
1IRD Bicelles -11.0 0.05 247 2.40
1IRD Pf1 -9.14 0.37 23.7 2.25
1BBB Bicelles -11.4 0.13 67.2 1.58
1BBB Pf1 -9.25 0.40 20.7 2.10
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Fig.3. Reduced x? (®) and rmsd (A) of best fits of RDCs in bicelles (A) and Pf1

phage (B) to quaternary structures ranging from R to R2 x-ray crystal structures
of HbCO A. Optimal fits are obtained for a conformation halfway between R
and R2.

yielding an rmsd of 1.28 Hz. Calculated vs. observed couplings
for this structure are shown in Fig. 4. The uncertainty in this
result was estimated by a Monte Carlo procedure, resulting in
Xopr = 0.51 = 0.13.

A more general approach for studying the quaternary struc-
ture, also applicable in the absence of symmetry, utilizes rigid-
body molecular dynamics-simulated annealing (27). In the rigid-
body dynamics protocol, the a3 and ayB3; dimers themselves
are kept rigid, but they can move relative to one another. Both
phage and bicelle RDCs of HbCO A simultaneously serve as
experimental restraints, whereas a weak radius of gyration
energy term keeps the structure compact (28). The resulting
structure agrees well with that obtained by the systematic
stepping procedure described above.

Both of our dipolar coupling measurements in two distinct
aligning media indicate that the time-averaged quaternary struc-
ture of HbCO A in solution is intermediate between the R and
R2 x-ray structures. For relatively small angular rearrangements,
such as the 10.5° rotation of one a3 dimer relative to the other,
the dipolar coupling data cannot distinguish such a static inter-
mediate structure from a dynamic average over R and R2 x-ray
structures. However, PN relaxation rates point to the presence
of significant conformational exchange contributions at contact
sites between the a;B; and «pB, dimers. In particular, the
backbone amides of both «;94Asp and ($,37Trp, which form the
“flexible joint” of the B, interface, experience significant
conformational exchange, as indicated by model-free analysis of
I5N relaxation data at 500 and 600 MHz (unpublished results).
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Fig. 4. Calculated vs. observed RDCs for best fit of optimal structure to
couplings measured in bicelle (A) and Pf1 phage (B). The error in each RDC
measurement, shown as a horizontal error bar, was calculated from the line
width and signal-to-noise ratio of the corresponding crosspeaks (29).
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These results suggest that the observed structure indeed repre-
sents the average over multiple low-energy states.

The crystallization of HbCO A in the R and R2 conformations
suggests that both structures are energetically accessible, and
that under distinct crystallization conditions each corresponds to
a free-energy minimum. Our finding that, in solution, the
averaged structure is right in the middle between R and R2
indicates that these states are energetically equivalent. Other
structures intermediate between R and R2 recently have been
crystallized for bovine HbCO, suggesting that the «;3, inter-
face of liganded Hb has a range of energetically accessible
structures, which are related to each other by a simple sliding
motion (12). Thus, it is likely that such intermediates also
contribute to the averaged structure observed by our dipolar
coupling measurements.

Analysis of the HbCO A dipolar couplings in terms of
quaternary structure relied on the use of high-resolution crystal
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structures for its subunits and highlights the complementarity of
the x-ray crystallography and NMR solution approaches. Weak
alignment NMR presents unprecedented accuracy for determin-
ing relative domain orientations in solution and is uniquely
suited to define conformational transitions in large proteins,
thereby providing valuable insights into protein structure—
function relationships.
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